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In central western Montana, the northern boundary of the Sapphire 
Allochthon (NBSA) is a east-west trending zone of en echelon folds and 
thrusts faults and is a portion of a major transverse belt in the 
Cordilleran fold and thrust belt. The orientation of parallel 
structures along the eastern boundary of the allochthon indicate that it 
was transported eastward (N100°E), parallel to the trend of the 
transverse zone. This study examined the structural style of the 
Bearmouth area, a 190 km^ area within the NBSA, in the context of a 
left-lateral shear couple along a lateral thrust ramp zone.
A portrait of the structural style was developed from detailed geologic 
mapping, constructing closely spaced cross-sections and kinematic 
analyses using equal-area net projections of structural oriented 
fabrics. The structural style of the Bearmouth area was then compared 
to various transcurrent and transpressional tectonic models including: 
simple shear, step-over between strike-slip fault strands and decoupled 
transpressional stress.
Kinematic analysis demonstrates that the Bearmouth Fault, a major fault 
with reverse fault geometry and 3 km of stratigraphie displacement, had 
a component of strike-slip movement. The Bearmouth Fault strikes 
approximately parallel with the implied direction of left-lateral shear 
(N100®E). Folds, located north of the Bearmouth Fault, have axial 
orientations which range from N100°E to N165®E, but are generally close 
to N135°E. These fold orientations are generally consistent with the 
simple shear model for a left-lateral shear couple oriented N100°E.
Fold axis which are oriented at azimuths greater than N145°E do not 
specifically fit the simple shear model but might be explained by a 
right step between left-lateral fault strands. Observations that fold 
axes bend into sub-parallel orientations where they meet the Bearmouth 
Fault and that folds are commonly conical rather than cylindrical also 
indicate that the Bearmouth area is in a zone of left-lateral shear.
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1.0 INTRODUCTION
1,1 THE PROBLEM
The Bearmouth area lies In a complexly folded and faulted linear belt 
which transverses the main structural grain of the Montana portion of 
the Cordilleran fold and thrust belt of western north America. Thrust 
plates south of the transverse zone were transported to the east. 
However, within the 60 km wide transverse zone, folds verge to the 
northeast and thrust plates apparently have been transported to the 
northeast on thrust and high-angle reverse faults that generally dip to 
the southwest. Northeast directed compressional deformation in the 
transverse belt appears to be coeval with east directed deformation in 
the adjacent portions of the fold and thrust belt. An en-echelon fold 
pattern in the transverse belt suggests that the deformation was the 
result of a horizontal left-lateral shear. Near the Bearmouth area, 
several northwest trending folds bend and become north-south oriented as 
they pass out of the transverse zone. This study examines the 
structural style of northeast directed compression in an otherwise east 
directed orogen and the genetic relationship between the two structural 
orientations.
1.2 TECTONIC SETTING
The Cordilleran fold and thrust belt of northern and central Montana is 
divided into two separate north-northwest trending belts of closely- 
spaced thrust faults, involving low grade metasedimentary rocks of the 
Middle Proterozoic Belt Supergroup, Paleozoic shelf carbonates and 
Mesozoic clastic foredeep deposits. Both belts are crossed by a zone of 
northeast verging compressional features which include: southeast 
plunging en-echelon folds, persistent cleavage which dips predominantly 
to the southwest and east-southeast trending thrust faults. The 
transverse zone (Fig. 1) trends approximately S100°E and extends for 
more than 250 km. Sears (1988) have noted that this transverse zone is 
a south-facing regional monocline, and postulated the existence of a 
crustal scale ramp in the regional basal decollement. In the eastern 
thrust belt, the transverse zone coincides with left-lateral offset of 
the eastern limit of the fold and thrust belt and marks the northeast 
boundary of the Helena Salient (Woodward, 1983). According to Woodward 
(1983), the faults in the transverse zone have both reverse and strike- 
slip displacement.
In central-western Montana, in what Winston (1986) has informally named 
the western thrust belt, thrust faults and folds bound the Sapphire 
tectonic block. The Sapphire tectonic block, which Hyndman (1980) 
interpreted as a major allochthon, is a portion of the western thrust 
belt. The Sapphire allochthon proper, which extends roughly 70 km east- 
west, is dominated by Belt sedimentary rocks which have been mildly
w
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Figure 1. The transverse zone in the centrai Montana fold and thrust belt. M = Missoula; 
D = Drummond; H = Helena; Pc = Precambrian; Pz = Paleozoic; Mz = Mesozoic.
deformed into relatively open folds (Hyndman, 1980). The northern and 
eastern margins, by contrast, are marked by zones of closely-spaced 
reverse or thrust faults and tightly to Isoclinally folded rocks that 
Include middle-Proterozoic Belt and Phanerozoic rocks. The northern 
boundary of the Sapphire allochthon (NBSA) coincides with the transverse 
zone which defines the northern boundary of the Helena Salient.
The eastern boundary of the Sapphire allochthon is a zone of north-south 
trending thrust faults and asymmetric folds. Because of the north-south 
structural orientation several investigators (Baken, 1981; Csejtey 1963; 
McGill, 1965) have inferred that the Sapphire allochthon moved eastward. 
In contrast, the northern boundary of the Sapphire Allochthon Is a zone 
of southeast plunging folds in en-echelon pattern and east-southeast 
thrust fault traces (Figure 2). Ruppel et al. (1981) considered the 
northern-most thrust fault of the NBSA (ie the Blackfoot Fault in the 
vicinity of East Missoula) to be the "leading edge" of the Sapphire 
plate. Numerous field studies along the NBSA zone (Lonn, 1984; Thomas, 
1986; Watson, 1984; Patrick, 1984; Nelson and Dobel, 1961 ; Kauffman,
1963; Desormier, 1975; Montgomery, 1958) Inferred northeast directed 
compression based on several lines of evidence: 1. thrust faults and
reverse faults dip south or southwest, 2. asymmetric folds verge to the 
northeast, 3. fold axes gently plunge to the southeast. Sears (1988) 
determined from a synthesis of fabric data, that the northeast verging 
fold system of the NBSA has an average structural axis trending N134*E.
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Figure 2. Principal structural features of the northern boundary of the Sapphire Allochthon. The 
Clark Fork River valley follows Interstate Highway 90 (heavy dashed line). Patterned areas are: 
V pattern = Eocene volcanic rocks; + pattern = late Cretaceous plutons. MSLA = Missoula;
D = Drummond; BFF = Blackfoot Fault; BMF = Bearmouth Fault.
These structural trends imply that the Sapphire allochthon moved to the 
northeast.
However, because of the en-echelon fold pattern in the NBSA and the 
evidence from its eastern boundary that the Sapphire allochthon was 
translated eastward, I infer that the NBSA is a lateral boundary of the 
Sapphire allochthon and that northeast verging compressional deformation 
is commiserate with left-lateral transcurrent or transpressional 
tectonics in an east directed orogen. I initiated this study on the 
premise that the NBSA is transverse boundary of the Sapphire allochthon 
and is part of a profound lateral-ramp zone in the fold and thrust belt 
of Montana.
1.3 OBJECTIVES AND METHOD
The primary purpose of studying the Bearmouth area was to to obtain 
direct evidence of left-lateral shear and determine if the structural 
style is consistent with models left-lateral transcurrent tectonics.
The study area (referred to as the Bearmouth area in this thesis), 
encompassing 190 km^ along the Clark Fork River valley west of Drummond 
(Fig. 2), is located in the NBSA structural zone close to the eastern 
boundary structural zone.
In this paper I describe the major features and structural style of the 
Bearmouth area, then present a kinematic and geometric picture based on 
a detailed geologic map, closely spaced cross- sections, and fabric 
analysis (using equal-area net projections). Finally I examine and 
discussed tectonic models which account for the coexistence of 
compressional and transcurrent features.
The Bearmouth area was suitable for this study for the following 
reasons. It contains all the structural features that characterize the 
deformation In the NBSA Including a major fault with apparent reverse 
displacement and an en-echelon fold set with northeast vergence.
In a large portion of the NBSA the gargantuan proportions of the 
monotonously repetitive Belt stratigraphy make It difficult to determine 
the geometry of Individual folds or the stratigraphie offsets of faults, 
but most of the folds exposed In the Bearmouth area Involve post- 
Mlsslsslpplan strata, containing closely spaced marker beds, which help 
define the structural details.
The compressional structures of much of the NBSA have been overprinted 
by later (Tertiary) right-lateral, normal and obllque-sllp faulting 
(Desormier, 1978; Hyndman, 1980; Watson 1964; Ruppel et al, 1981) which 
accompanied the formation of basin and range physiography. However, the 
structures In the Bearmouth area are free of obvious basin and range 
style overprinting and present a less complicated kinematic picture.
The study area lies in the NBSA structural zone but close to the eastern 
boundary structural zone. In the Drummond area the southeast trending 
folds of the NBSA and the north-south trending folds of the eastern 
boundary are separated by less than two kilometers. The Drummond 
anticline passes from the NBSA structural zone to the eastern boundary 
structural zone across the Clark Fork River alluvial valley (Weidman, 
1965; Gwinn, 1965). In the Drummond vicinity, including the Bearmouth 
area, the continuity of folds from the east boundary zone to the north 
boundary zone temporally and genetically links the east directed 
deformation with the northeast directed deformation of the respective 
zones.
2.0 GEOLOGY AND STRUCTURE OF THE BEARMOUTH AREA
2.1 STRATIGRAPHY
Middle Proterozoic, Paleozoic and Mesozoic rocks crop out in the 
Bearmouth area, though many formations are incompletely exposed, 
truncated by faulting, or have been removed by erosion. The middle 
Proterozoic Belt rocks which crop out in the area are characterized by 
argillites and quartzites which have been subjected to lower greenschist 
facies burial metamorphism. In the Sapphire allochthon, these rocks 
form mechanically rigid thrust plates which are capable of large 
displacement with little internal deformation and broad gentle folding. 
The Paleozoic section is dominated by shelf carbonates and although not 
as cohesive and mechanically rigid as the Belt rocks they are relatively 
competent. The Mesozoic section, comprised of foredeep sediments, is 
dominated by mechanically weak shale and siltstone, but includes beds of 
sandstone and limestone. In the Bearmouth area, Cretaceous rocks 
younger than the Albian stage (Gwinn, 1965) have been removed by 
erosion. For more complete field descriptions of individual formations 
see Appendix 1.
Based on local measured sections (Kauffman, 1963; Gwinn, 1961, 1965; 
Desormier, 1975; Montgomery, 1958; Bell and Moore, 1965), the complete 
stratigraphie section of rocks exposed in the Bearmouth area, from 
Proterozoic Bonner Formation through Lower Cretaceous Blackleaf 
Formation is between 3.5 and 6.5 kilometers thick. The Mississippian 
Madison Formation through the Cretaceous Kootenai Formation, a
stratigraphie section approximately 970 to 1710 meters thick, comprises 
the bulk of the sedimentary rocks exposed in the study area. 
Precambrian, Cambrian and Devonian rocks are exposed mostly along the 
southern margin of the Bearmouth area where they structurally overlie 
Paleozoic or Mesozoic rocks.
Unconsolidated Tertiary gravels and fan deposits cap several of the 
hills and benches in the area. These deposits are composed of locally 
derived clasts. The deposits are not over 20 meters thick in the 
Bearmouth area.
Eocene volcanics, comprised primarily of basalt and rhyolite, overlie 
portions of the study area (Carter, 1982). Though the volcanic flows 
average 60 meters thick, locally they are up to 180 meters thick. 
According to Carter (1982), these rocks have been dated by whole rock, 
sanidine and plagioclase K-Ar dating at approximately 44 to 47 Ma.
2.2 MAJOR STRUCTURES
The study area includes those major structural elements which 
characterize the transverse zone such as a WWW striking fault with 
apparent reverse slip and large stratigraphie displacement (Bearmouth 
fault), and a set of en-echelon folds which have an average southeast 
plunge. The principal structures of the Bearmouth area (Fig. 3) are 
predominantly compressional features which include, from southwest to 
northeast respectively: the trace of the Bearmouth fault, the Mount 
Baldy syncline, the Bearmouth anticline and the Mulky Gulch syncline.
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Figure 3. Major structural features in ttie Bearmoutti Area. The serpentine course of 
Quaternary alluvium marks the floodplain of the Clark Fork River. BMF=Bearmouth Fault; 
MBS=Mount Baldy Syncline; BMA=Bearmouth Anticline; MGSsMulky Gulch Syncline;
LH=Lorenson Henderson #2 borehole.
On a mesoscopic scale, a generally southwest dipping rock cleavage is 
consistent with the southeast structural trend of folds. The three 
major folds constitute an en-echelon fold set with approximate 
wavelengths of 5 km. The folds are generally co-axial with other folds 
across the NBSA from Thompson Falls to Drummond, which have an average 
plunge and trend to the southeast at 10°/134° (Fig. 4a). In contrast, 
the average fold axis, in the northern portion of the eastern boundary 
of the Sapphire Allochthon, is 10°/10° (Fig. 4b, after Gwinn, 1961 and 
McGill, 1959), a nearly north-south orientation.
2.2.1 The Bearmouth Fault
The trace of the Bearmouth fault, the principal fault in the study area, 
trends west-northwest. It is one of a set of major faults in the NBSA 
structural zone which have been inferred to have top-to-the-NE reverse 
movement (Kauffman, 1963). The Bearmouth fault continues westward to 
the Missoula Valley where it is truncated by Tertiary normal faults 
(Sears, personal communication, 1985). In the southwest portion of the 
study area, near the mouth of Little Bear Creek, the Bearmouth fault 
strikes at 100® and dips approximately 75° to the southwest. To the 
southeast, its trace is covered by alluvium and by Eocene volcanics.
The subsurface continuation of the Bearmouth fault was penetrated in the 
Lorenson-Henderson #2 borehole where Precambrian Bonner Formation 
structurally overlies Mississippian Madison Group rocks at a depth of 
approximately 1,130 meters (see Fig. 3). One km north of the borehole, 
the surface trace of a fault places an outcrop belt of Cambrian an 
upper-most Proterozoic rocks over Mississippian rocks in the southeast
12
w
Figure 4. (a) Equal-area stereonet plot of bedding data from transverse structural zone, 
Thompson Falls to Drummond. Bedding data contoured using computer program 
PIDGRM.FOR (Achuff, 1980). Average Plunge and trend of folds is 10°/134° (Sears, 1988). 
(b) Equal-area stereonet plot of bedding data from the eastern boundary of the Sapphire 
Allochthon, south of Drummond. Average Plunge and trend of folds in this area is 10̂ /10̂
(after Gwinn, 1961 and Mcgill, 1959).
limb of the Bearmouth anticline. Because of the proximity and similar 
stratigraphie juxtaposition, I infer the exposed fault to be the 
continuation or a splay of the fault found at depth in the borehole, it 
dips about 35° to the southwest.
Near the mouth of Little Bear Creek, the Bearmouth fault placed 
Proterozoic McNamara Formation over Cretaceous Kootenai Formation, a 
stratigraphie displacement of 3 to 5 kilometers. The true net slip and 
the net movement vector of the Bearmouth fault can not be determined. 
However, fold geometry and fabric analysis suggest that the relative 
sense of motion included a component of left-lateral movement, as 
discussed in Section 3.2.
2.2.2 The Folds
The Mount Baldy and Mulky Gulch synclines, with 5 km wavelength, are 
best defined by the map trace of Paleozoic formational boundaries (Fig. 
3). Both synclines, however, are cored by post-Mississippian strata 
which have been tightly-to-isoclinally folded with wavelengths of 1 km.
The Bearmouth anticline is cored by Mississippian Madison Group rocks 
along the exposed fold hinge. Where the fold has been deeply dissected 
by Bear Creek, Devonian rocks are exposed. The hinge of the anticline 
has been offset at two locations in an apparent left-lateral sense. The 
Bearmouth anticline is covered along its west flank and northwest end by 
Eocene volcanics. At the southeast limit of exposure, the anticline is
14
cored by Mississipian carbonate but the flanks expose rocks as young as 
the Cretaceous Kootenai Formation.
The fold style in the Bearmouth area is mechanically controlled by rigid 
Paleozoic limestone beds which appear to form a structural framework for 
the three major folds. I infer, from limited exposures of the hinge and 
limbs of the Bearmouth anticline that folds approximate box forms with 
kink hinges (Faill, 1973), Such folds are common, Allmendinger (1981) 
found them in Mississippian carbonates in the Meade thrust plate of the 
Idaho-Utah-Wyoming thrust belt. Faill (1973) in the Appalachian fold 
belt and Laubscher (1977) in the Alps have also described kink style 
folds in thick carbonate sequences.
2.3 CLEAVAGE
Sears and others (1989) noted the persistence of rock cleavage in the 
NBSA. Although the basic morphology of the cleavage varies from a 
penetrative cleavage to disjunctive cleavage, dependent on the 
structural level at which it occurs, it has a consistent southwest dip 
throughout the NBSA.
The cleavage in the Bearmouth area is classified as a disjunctive, 
spaced cleavage (classification according to Powell, 1979) with 
approximately 0.5 to 3 centimeters between cleavage domains.
Microscopic examination of the cleavage domains reveals them to be 
selvege seams without preferred orientation of minerals within or 
between the microlithons. Cleavage morphology is consistent with
15
pressure solution processes that occur at shallow crustal depths, less 
than 6 km (Engelder and Marshak, 1985). This agrees with an estimated 
structural depth of 5 km or less by Weiss (1987).
The occurrence and morphology of cleavage in the Bearmouth area are 
dependent upon lithology. In the massive shaley-limestone beds of the 
Jurrassic Sawtooth Formation, cleavage is more clearly developed than 
bedding. It has anastomosing and spaced morphology, with about 0.5 cm 
between domains. The lowest part of the formation, a dark-gray, 
slightly calcareous shale, usually weathers to form "pencil structures" 
(Fig. 5).
Pencil structures result from parting along both bedding fissility and 
cleavage domains thereby causing the rock to break into elongate rhombs 
(Ramsay and Huber, 1983). Pencil structures are generally elongated in 
the direction of the local structural axis and are the result of low 
strains (Reks and Gray, 1982). The second most commonly cleaved 
lithology is the shale of the Kootenai Formation. At a few locations 
the very calcareous or very clay rich sandstones in the Kootenai 
Formation and the Ellis Group have cleavage. The micrite of the lower 
calcareous unit of the Kootenai Formation commonly displays widely- 
spaced sutured cleavage (also called tectonic stylolite). The Kootenai 
micrite is severely strained in the footwall adjacent to the Bearmouth 
fault, where I observed well developed cleavage.
16
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Figure 5. Pencil structures, elongate rhombs formed by 
intersecting bedding and cleavage parting surfaces.
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2.4 AGE OF STRUCTURES
The age of compressional structures and the duration of the 
deformational events are loosely constrained in the Bearmouth area. The 
Eocene volcanics which mantle a portion of the study area are not 
involved in the folding and faulting. These volcanics have been dated 
at between 44 and 47 Ma. (Carter, 1982), which establishes that the 
emplacement of the Sapphire allochthon had ceased by that time. The 
youngest formation that was folded during emplacement of the Sapphire 
Allochthon is the Late Cretaceous Carter Creek Formation. The Carter 
Creek Formation has been tenuously correlated with the Turonian Age (95 
to 88.5 Ma) Ferdig Member of the Marias River Formation (Gwinn, 1965). 
Thus deformation continued after 91 Ma. Minnich (1984) noted that the 
persistent southwest dipping cleavage fabric, which is characteristic of 
the NBSA zone, penetrated and was rotated in cordierite porphryoblasts 
growing in the contact aureole of the 82 Ma Garnet Stock. This suggests 
that compressional deformation was occurring in the NBSA at that time.
According to Hyndman (1980) thrust fault movement within the Sapphire 
allochthon is constrained by the undeformed granite in the eastern 
pluton of the Philipsburg batholith (72.0 and 73.4 Ma., on biotite and 
hornblende, respectively) and the slightly deformed western pluton of 
the Philipsburg batholith (74.0 and 76.7 Ma. on biotite and hornblende 
respectively)
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3.0 STRUCTURAL ANALYSIS
3.1 METHODS
The types of fabric data used in this analyses include the orientations 
of bedding planes, cleavage planes, lineations formed by the 
intersection of bedding and cleavage, and slickenlines (recommended term 
for slickenside striae; Fleuty, 1975; Wise et al, 1984). The structural 
fabrics observed in the Bearmouth area were formed at shallow crustal 
levels by brittle faulting, flexural slip folding and pressure solution.
If a fold is cylindrical, the equal-area net plot of poles to folded 
bedding will lie along a great circle. The pole to the girdle described 
by the great circle gives the fold axis. In the Bearmouth area, where a 
series of 1 km wavelength folds lie within larger scale synclines (5 km 
wavelength), dividing the larger scale structures into smaller "domains" 
produced tighter clustering of data on equal area stereonet plots.
Cleavage is a record of compressional strain; the cleavage plane being 
normal to the axis of maximum shortening of the finite strain ellipse 
(Ramsay and Huber, 1983). The equal-area plot of poles to fanned 
cleavage should lie along a great circle, the pole to that great circle 
is parallel to fold axis. If cleavage is axial planar, the plot of 
poles will form a maxima in the direction that folds verge.
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The intersection of bedding and cleavage forms a lineation fabric which 
will parallel the fold axis if cleavage has been generated coaxially 
with the folds. Pencil structures, elongate rhombs formed by parting 
along the intersection of two planar fabrics (eg. bedding intersecting 
cleavage), are generally elongate parallel to fold axes. If cleavage 
is not coaxial with folds, the cleavage may transect folds (Gray, 1981) 
and the intersection lineations will plot as a small circle whose axis 
of rotation is parallel to the fold axis (Ramsay and Huber, 1987).
Significant azimuthal variation of axial orientation between adjacent 
folds precluded drawing axial-normal cross-sections which would include 
more than one fold's true section. However, the cross-sections were 
constructed by initially visualizing the geometry of individual folds by 
viewing them downplunge as suggested by Mackin (1950). The cross- 
sections are closely-spaced vertical profiles rather than as projections 
normal to the fold axis as suggested by Stockwell (1950). Although 
these cross-sections are not rigorous fold reconstructions, they do 
offer valid structural information. They should be viewed as vertical 
slices which cut folds both obliquely and normally.
3.2 ANALYSIS OF THE BEARMOUTH AREA
The study area may be conveniently divided into the Little Bear area in 
the west, which includes exposure of the Bearmouth fault and the Mount 
Baldy syncline and the Bradman area to the east, which includes the 
Bearmouth anticline, the Mulky Gulch syncline and an unnamed reverse 
fault, which is likely an eastern extension of the Bearmouth fault.
20
3.2.1 Little Bear Creek Area
The important structural features of the Little Bear Creek area are the
Mount Baldy syncline and its juncture with the Bearmouth fault.
Detailed examination of the kinematic patterns and structural geometry 
at the point where these two major features apparently intersect reveals 
that the complex interactions had both compressional and transcurrent 
horizontal components.
The Mount Baldy syncline, mapped by Kauffman (1963) as far west as 
Cramer Creek where it involves Precambrian Garnet Range Formation, is a 
large scale fold of approximately 5 km wavelength. The orientation of 
the fold axis (approximately 30°/160*), as determined by bedding data 
analysis (after Kauffman, 1963), is defined by a diffuse girdle. The 
plot of poles to bedding reveals a maximum, defined by the 11% PI
contour, at approximately 65*/355*. The maximum lies along a girdle,
albeit poorly defined, whose pole orientation plunges 30°/160° (Fig. 6). 
The data plot as maxima rather than a well defined girdle as a result of 
tightly overturned fold geometry; if both limbs of a fold dip in the 
same direction, at nearly the same angle, it statistically doubles the 
number of bedding poles which plot in a given sector of the equal area 
net.
21
to
to
Figure 6. Structural summary of ttie Little Bear Creek area. Equal-area stereonet plots of 
bedding data illustrate the variation in structural trend within the Mount Baldy Syncline. Lines 
A, B, and 0  show the locations of cross-sections shown in Figure 7. MBS = Mount Baldy 
Syncline (data from Kaufman {1963} includes portions of the syncline west of the area shown in 
figure); SWS = southwest syncline area; CA = central anticline; NES = northeast syncline; and
ES = easternmost syncline. For key refer to Figure 3.
The Bearmouth fault strikes approximately N100°E (after Kauffman, 1963; 
Montgomery, 1958 and this study) over a distance of several kilometers. 
Based on field measurements and three point analysis of the fault trace, 
it dips between 35° to 75° to the southwest. In a broad scope the 
syncline trend is sub-parallel to the fault. However, in the Little 
Bear Creek area the fault cuts the syncline.
In the Little Bear Creek area, the Mount Baldy synclinal structure is 
framed by Mississippian Mission Canyon Formation and cored by a 
syncline-anticline-syncline fold set of post Mississippian rocks. These 
1 km wavelength folds are tight to isoclinal, asymmetric, and overturned 
toward the northeast. Equal area projections of poles to bedding, 
separated into individual fold domains (fig 5), reveal that the axial 
trends of these folds within the Mount Baldy syncline converge toward 
the southeast. They form a conical (non-cylindrical) fold set. The 
central anticline (axial orientation approximately 35°/165°) and the 
northeast syncline (axial orientation of approximately 24°/150°) are 
nearly coaxial, trending to the southeast. Both folds lie sub-parallel 
with the overall trend of the Mount Baldy syncline. The southwest 
syncline, which is adjacent to and locally intersects the Bearmouth 
fault, has an easterly trend. Its axial orientation varies from 
10°/120° west of Little Bear Creek to 5°/90° east of Little Bear Creek. 
The change in the folds trend is the result of bending the southwest 
syncline about a vertical axis where it approaches the Bearmouth fault. 
This secondary folding was likely produced by drag along the fault and 
indicates a left lateral component of deformation. The sigmoidal
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bending of axial traces is characteristic of folds in transcurrent fault 
systems (Sylvester and Smith, 1976). Mulky Gulch syncline is apparently 
comprised of a single syncline at its eastern-most exposure and has an 
axial plunge and trend of 0°/105°.
Although the eastern end of the Mt Baldy syncline is obscured by a cover 
of volcanic rocks, the convergence of folds in the core of the syncline 
may indicate the termination of the fold. According to Ramsay and Huber 
(1987), the terminations of en-echelon folds are non-cylindrical and may 
approach a conical fold geometry. The non-cylindrical style of fold 
sets within the Mount Baldy syncline precludes constructing balanced 
cross-sections using simple rules (Elliot, 1983) or projecting 
structures downplunge (Wilson, 1967). The lack of down-plunge 
continuity of stratigraphy is independently suggested by the lack of 
post-Mississippian rocks encountered below the reverse fault penetrated 
by the Lorenson-Henderson #2 borehole. The borehole penetrated a fault 
which is the likely continuation of the Bearmouth fault, and at that 
location, on the southwest limb of the Bearmouth anticline, it should 
have penetrated the downplunge extension of post-Mississippian rocks in 
the Mount Baldy syncline.
The closely spaced cross-sections (Fig. 7) also reveal the downplunge 
convergence in structural geometry. Each cross-section is placed in its 
map position thus creating a fence diagram as viewed to the northwest. 
The three cross-sections illustrate the non-cylindrical nature of the 
Mount Baldy syncline and smaller scale folds within it.
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Figure 7. Cross-sections of the Littie Bear Creek area, view to the 
northwest. Cross-sections are verticai siices rather than 
downpiunge projections (see text for discussion). 
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The entire syncline is folded more tightly toward the southeast. The 
southeastern-most cross-section shows that the central anticline has 
disappeared from map view either because of its severe plunge (35®) or 
it terminates as a conical fold. Another expression of down-plunge fold 
tightening is the small conical anticline found on the southwest limb of 
Mount Baldy syncline, in the up-plunge cross-section. It rapidly losses 
amplitude and terminates in the southwestern syncline and does not 
appear in middle cross-section. The major thrust fault located to the 
south (left) of the folds is the Bearmouth fault carrying Belt 
Supergroup over Paleozoic and Mesozoic rocks.
A vertical fold hinge, formed by the bending of the southern-most 
syncline about a second vertical axis, has been decapitated by the 
Bearmouth fault. This left the eastern portion of the south limb as a 
partially isolated remnant of the fold (Fig. 8). This structural 
geometry, a faulted refolded-fold, indicates a particular sequence of 
deformation: 1 km wavelength folds are formed within the framework of 
the Mt Baldy syncline, then the southern-most syncline is broadly 
refolded about a near vertical axis and finally the Bearmouth fault 
incorporates into the hanging wall a volume of the hinge zone of the 
broad refold as a horse (a fault bounded volume of rock as defined by 
Boyer and Elliot, 1982). This horse is a 230 to 300 meters thick 
package of rock which includes the upper portion of the Mississippian 
Madison Formation through the lower portion of the Cretaceous Kootenai 
Formation.
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Figure 8. Schematic Illustration of the structural geometry resulting from 
refolding of Mount Baldy Syncline around a vertical axis and subsequent 
decapitation of the vertical fold hinge by the Bearmouth Fault.
Slickenline orientations, collected from both the hanging wall and foot 
wall of the Bearmouth fault, where the fault beheads the fold hinge, 
indicate strike-slip movement (Fig 9). Slickenlines will form on a 
variety of surfaces including bedding, cleavage and various fractures 
that are favorably oriented in the stress field to cause slip. The 
slickenlines formed in a purely strike-slip system, should project on an 
equal-area net as a locus of points that form a girdle at the equator 
and have a vertical pole, very similar to the plot in Figure 9. This 
contrasts with slickenline data from the Bradman area which demonstrate 
a typical thrust and fold belt style of deformation. In the Bradman 
area slickenlines resulted from flexural-slip folding about nearly 
horizontal axes and plot (Fig. 10) as a great circle girdle with a 
horizontal pole.
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Figure 9. Eqüai-area stereonet plot of slickenline data collected 
adjacent to the Bearmouth Fault near the mouth of Little Bear Creek. 
The lineations, which are related to strain close to the fault, lie on a 
small circle which has an axis plunging 80  ̂to the north and 
demonstrate strike-slip motion.
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Figure 10. Equal-area stereonet plot of slickenline data collected near 
the hinge zone of Mulky Gulch Syncline. In contrast to the lineations 
presented In Figure 9, these lie on a great circle which has a 
horizontal axis. These lineations resulted from flexural-slip folding 
near the core of the syncline, typical of fold and thrust belts.
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3.2.2 The Bradman Area
The Bradman area includes a large scale (approximately 5 km wavelength) 
fold pair (the Bearmouth anticline and the Mulky Gulch syncline) and a 
reverse or thrust fault along the southwest limb of the Bearmouth 
anticline which is likely the eastern continuation of the Bearmouth 
fault (Fig. 11). The analysis of the Bradman area includes defining the 
structural axis and geometry of large and small scale folds and faults.
A reverse or thrust fault, which exhibits the same order of magnitude of 
stratigraphie displacement (3 to 5 km) as the Bearmouth fault at Little 
Bear Creek has been documented in boring logs of the Lorenson-Henderson 
#2 borehole. The poorly exposed traces of reverse faults on the 
southwest limb of the Bearmouth anticline (generally concealed beneath 
Eocene volcanics) are likely related to the fault encountered in the 
borehole. The location and nature of the fault(s) at the surface can 
only be inferred from field relationships at a few isolated outcrops. A 
small syncline of Cambrian rocks (axial orientation 24®/298®) overlies a 
few poor exposures of Devonian dolomite, the dolomite in turn overlies 
Mississipian limestone on the southwest limb of the Bearmouth anticline.
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Figure 11. Structural summary of the Bradman area. Equal-area stereonet plots of 
bedding data (indicated by BED) and t>-llneation (indicated by LIN) data illustrate the 
variation in structural trends within the Mulky Gulch Syncline. Lines D, E, F, G, and H 
show the locations of cross-sections shown in Figure 12. Structural domains are as
indicated in text. For key, refer to Figure 3.
Through most of the Bradman area the Bearmouth anticline trends at 
approximately N128°E and has a variable plunge between 15° southwest and 
25° northeast. The kink form hinge of the anticline has been disrupted 
approximately 3 km east of where it is cut by the Clark Fork River. The 
structurally complex hinge and northeast limb of the anticline in that 
area, the poor exposure and the locally massive nature of the Madison 
Formation preclude defining the local complexity of the structures.
Near the east end of the ridge which is the topographic expression of 
the Bearmouth anticline, a left-lateral fault offsets the anticline in a 
direction nearly perpendicular to the fold's axis. Although the exact 
orientation of this fault is obscured by volcanic cover and talus, 
formational offset indicates an apparent left-lateral fault with a 
minimum displacement of 0.5 km. This left-lateral tear fault, oriented 
northeast, cuts the common limb of the Bearmouth anticline and the Mulky 
Gulch syncline. The fault does not offset the northeast limb of the 
Mulky Gulch syncline, however, and must flatten and merge into one of 
the thrust faults which emerge in the core of the syncline. Southeast 
of the left-lateral offset, the Bearmouth anticline changes its 
orientation to a more southerly plunge and trend 15°/142°. The 
clockwise rotation of this segment of the Bearmouth anticline is the
result of left-lateral movement on the tear fault while the position of
the southeast end of the anticline remained fixed.
The Mulky Gulch syncline, like the Mount Baldy syncline, appears to be
structurally framed by the mechanically rigid Mission Canyon Formation. 
It is cored by a package of rocks from the Pennsylvanian Amsden
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Formation through the lower part of the Cretaceous Blackleaf Formation 
which were compressed into series of 1 km wavelength folds. Much of the 
scatter of bedding pole data on an equal-area net plot can be resolved 
by dividing Mulky Gulch syncline into four domains based on these folds 
(Figure 11). It is divided into north (MGSN) and south (MGSS) domains 
in the western part of the syncline, central (MGSC) domain which is 
exclusive of the folds near the northern limb of the syncline, and the 
eastern domain (MGSE) which includes those structures in the northeast 
limb of Mulky Gulch syncline. In addition to a bedding pole plot for 
each domain, Figure 11 includes plots of b-lineation data (lineation 
formed by the intersection of bedding and cleavage). The paired bedding 
pole b-lineation plots demonstrate the general consistency of the 
structural axis within most domains and that folding and cleavage 
developed nearly coaxially. The orientation of structural axis of the 
domains varies from the most southerly trend 20^/146° in the MGSN domain 
to a more easterly trend 20°/118° in the MGSE domain. The estimated 
fold axis trends are generally accordant with the b-lineation maxima 
within each domain. The MGSS domain is an exception, the maxima of b- 
lineation data (trend - 148°) is skewed toward south from the conical 
fold axis (trend - 127°), The variation in trends indicates that 
cleavage and fold development, in that domain, were not coaxial nor 
coeval and may be a manifestation of progressive strain in a rotational 
field (ie. cleavage development may have preceded fold development and 
in a differently oriented compressional field).
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The equal-area plot of all bedding data from Mulky Gulch syncline forms 
a girdle which is slightly more curved than a great circle, diverging 
approximately 15° from being cylindrical, with an axis that plunges 
approximately 20°/130° (Figure 11). Much of the apparent conical 
nature of Mulky Gulch syncline can be attributed to the converging axial 
trends of folds within the syncline. The MGSS domain, which constitutes 
the main trough of Mulky Gulch syncline at its west end, is conical with 
an axial plunge and trend of approximately 25°/128°, and approximately 
15° of convergence.
Within the Mulky Gulch syncline, there are two categories of thrust 
faults. There are numerous small displacement faults (from several 
centimeters to a few tens of meters) that are a consequence of the 
folding mechanism (flexural-slip) and there is a thrust fault, whose 
trace is continuous for the exposed length of the syncline. It has a 
minimum displacement of approximately 0.5 kilometer, as determined in 
the up-plunge exposure of the fault at the northwest end of Mulky Gulch 
syncline, and a strike of approximately N120°E. Considering the small 
amount of flexure in the central trough portion of the syncline where 
the fault outcrops, flexural-slip can not account for the fault. The 
fault trace is marked by Jurassic rocks overlying Kootenai Formation or 
by duplication of the Kootenai section. There are two possible 
interpretations for the origin and timing of this thrust fault; either 
thrust-faulting preceded folding of Mulky Gulch syncline and the fault 
was subsequently folded or the fault cuts Mulky Gulch syncline and must 
be younger than the fold. If it is a folded fault, the fault must be
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continuous across the syncline and the fault trace should re-emerge on 
the southwest limb of Mulky Gulch syncline. A fault trace located 
southwest of the Clark Fork River, having the opposite sense of 
vergence, and carrying Pennsylvanian Amsden Formation over Jurassic 
Sawtooth Formation, may be the re-emergent fault. Although the opposing 
thrust fault traces, on opposite limbs of Mulky Gulch syncline, does not 
constitute proof of a folded thrust fault, I prefer it as the simplest 
explanation.
Examining the cross-sections (Fig. 12), it is apparent that in the 
western portion of the syncline, cross-sections D, E, and F, the overall 
synclinal form is open and relatively cylindrical. The locus of 
projected slickenlines (Figure 10), from this portion of Mulky Gulch 
syncline, coincides with a great circle. These slickenlines reflect 
flexural-slip folding about a gently southeast plunging axis. The 
eastern-most cross-section, however, indicates that the syncline is 
tight and the south limb is severely overturned. Southeastward 
tightening of the syncline is reminiscent of the changes in fold 
geometry at Mount Baldy syncline where the Bearmouth fault and the 
syncline converge.
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Figure 12. Five cross-sections through the Bradman area, view to 
the northwest. Cross-sections are vertical slices rather than 
downpiunge projections (see text for discussion). Heavy black 
lines are faults. MGSs Mulky Gulch Syncline; BMA=Bearmouth 
Anticline. Fault shown on southwest side of sections G and H 
may be the eastern extension of the Bearmouth Fault.
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3.3 SUMMARY O F A N A L Y S T S
The southeast fold trends range from N90°E to N165°E. The Bearmouth 
fault trends approximately N100°E and the major folds, located north of 
it, are oriented obliquely to it in a left-lateral sense (Fig. 13).
Excellent exposures at Little Bear Creek present a concise picture of 
the interaction between the Bearmouth fault and Mount Baldy syncline. 
Based on its dip to the south and stratigraphie displacement, the 
Bearmouth fault had a major component of reverse slip. Slickenline data 
and secondary bending of an adjacent 1 km wavelength syncline, about a 
nearly vertical axis, indicate that the Bearmouth fault also had a 
component of left-lateral slip. The southeastward convergence of 1 km 
wavelength folds, and the southeastward tapering of the conical fold 
within the Mount Baldly syncline may also indicate a transcurrent 
component of deformation.
I did not find any direct evidence of left-lateral shear in the Bradman 
area as was found at Little Bear Creek. 1 km folds within Mulky Gulch 
syncline converge to the southeast, suggesting folding was non- 
cylindrical. But good indications that the Bradman area underwent 
transcurrent deformation, such as secondary rebending of folds about 
vertical axis, were not established in this study. The fact chat the 
intersection of Mulky Gulch syncline or Bearmouth anticline with the 
Bearmouth fault is obscured by volcanic cover may explain the lack of 
well defined transcurrent effects in the Bradman area; strike-slip 
fault drag presumably had less of an effect farther from the fault.
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Figure 13. Summary diagram of structural trends in the Bearmouth area, includes plunge 
and trend of folds, and fault strikes. BMP % Bearmouth Fault; MBS = Mount Baldy Syncline,; 
BMA = Bearmouth Anticline; MGS = Mulky Gulch Syncline.
The variation in axial orientation between 1 km wavelength folds in the 
Bearmouth area is responsible for scattered bedding data on equal-area 
net plots of the larger, 5 km wavelength folds. In contrast, an equal- 
area net plot of bedding data, from a relatively large area of the 
eastern margin of the Sapphire allochthon, form a well defined great 
circle girdle (Figure 4b). The contrast in fold axis variability is a 
manifestation of the structural difference between the east and north 
margins of the Sapphire allochthon. The lack of consistent fold 
orientation along the northern boundary of the Sapphire allochthon may 
be a significant component of transcurrent tectonic style.
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4.0 DISCUSSION
4.1 TRANSCURRENT TECTONICS
There are two preliminary indications that the Bearmouth area is part of 
a transcurrent tectonic boundary (a profound lateral ramp zone) 
associated with the Sapphire allochthon. First, the structural zone is 
a linear belt characterized by faults and en-echelon folds. Secondly, 
the zone, as well as the major faults within it, trend nearly 
perpendicular to the leading edge (eastern boundary) of the Sapphire 
allochthon with which it is structurally and genetically linked. The 
majority of structural features observed in the Bearmouth area are 
compressional features which typify fold and thrust belts: thrust and 
reverse faults, folds, and cleavage. However, these same compressional 
features are also common in typical transcurrent settings, for example 
the San Andreas fault zone and adjacent fault zones (refer to Sylvester, 
1984; Hart and others, 1982, for many excellent examples). To 
demonstrate that the structural patterns and kinematics of the Bearmouth 
area are at least consistent with generally accepted concepts of 
transcurrent tectonics, the following discussion compares the structure 
of the Bearmouth area, summarized in the preceding section, to 
transcurrent tectonic models based on theories, physical models and 
geologic analogues.
The fundamental difference between a profound lateral ramp in a 
continental thrust belt setting and a major strike-slip fault zone 
associated with a transform plate boundary (eg, the San Andreas Fault
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zone) are the depths to which the vertical shear couple extends. In the 
case of a lateral ramp zone, the strike-slip faults connect to a nearly 
horizontal decollement in the mid to upper crust. In contrast, strike- 
slip faults such as the San Andreas are the upper crustal manifestation 
of plate boundaries which are vertical and continue through the 
lithosphere. In the upper portions of the crust, the physical 
manifestations of these two tectonic regimes would be similar.
Generally, investigators account for the relative orientations of 
compressional structures, associated with transcurrent regimes, using 
one of two models: the simple shear model or the stepover model. These 
two models assume that compressional and shear features are 
interdependent and are the direct response to transcurrent shear. 
However, Mount and Suppe (1987) also Namson and Davis (1988) have 
suggested that compressive and shear forces may become decoupled and act 
independently.
Structural patterns predicted by the simple shear model have been 
successfully reproduced in physical models using moist clay (Wilcox et 
al, 1973; Tchalenko, 1970) and described by numerous investigators from 
field examples (see Wilcox and others, 1973, Figures 1, 2 and 3 for 
examples). The geometric relationships among structures in the simple 
shear model are summarized in Figure 14.
The stress field produced at a stepover zone between en echelon strike- 
slip fault strands has been mathematically modelled (Segall and Pollard, 
1980; Rogers, 1980). The modelled stress field may be used to determine
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the approximate orientation of compressional features (Figure 15) that 
form at stepovers (Aydin and Page, 1984).
Mount and Suppe (1987) also Namson and Davis (1988) have proposed that 
many compressional features associated with portions of the San Andreas 
fault zone are the result of decoupled transpressive motion between the 
Pacific and the North American lithospheric plates (decoupled 
transpression model). Decoupled transpression infers that a strike-slip 
system and a fold and thrust belt system might act independent of one 
another and that folds and thrust may be oriented nearly parallel to the 
strike-slip system.
4.1.1 Simple Shear Model
The simple shear model (Figure 14) adequately describes the 
deformational sequence (kinematics) and structural patterns that develop 
in the narrow zone of a developing transcurrent shear. Tchalenko 
(1970) , also Tchalenko and Ambraseys (1970) compared fracture patterns 
in shear zones of different scales, from microscopic and small scale in 
shear box tests and Riedel experiments to ground rupture following an 
earthquake, and determined that similar fracture patterns occur at each 
scale.
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Figure 14. Plan view of relative orientation of folds and faults in a left lateral shear 
according to the Riedel model of simple shear (adapted from Aydin and Page, 1984).
Freund (1974) studied physical and mathematical models of transcurrent 
faults and described stages in the development of a transcurrent fault 
zone. The initial stage in the sequence of Riedel experiments produced 
either homogeneous strain or en-echelon folds which overlie the applied 
shear couple. Adding only a few degrees of convergence (transpression) 
to the shear couple greatly enhances fold development (Wilcox and 
others, 1973). The fold axes, at this initial stage, should be oriented 
approximately 45° or less with the direction of shearing (Aydin and 
Page, 1984). As deformation continues, the folds may rotate toward the 
shear direction (counter-clockwise for left lateral couple), decreasing 
the angle between fold axis and shear direction. It is common for the 
ends of folds to be rotated toward the direction of the main horizontal 
shear producing sigmoidal shaped folds.
The first fractures, Riedel shears, form at an average angle of <j>/2 
counter-clockwise from the applied shear but may be subsequently rotated 
to a greater angle of inclination (Freund). The value of <f>, the 
internal angle of friction, being dependent on the mechanical 
characteristics of the material being deformed, is difficult to 
determine accurately for layered, anisotropic materials commonly found 
in the earth's upper crust. For purposes of this study it is assumed to 
be 35° to 40° (Tchalenko, 1970). It is during the first stage of 
fracturing that the conjugate Riedels (R') may form but are generally 
not as well developed as the Riedels. The R' form at a counter-
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clockwise angle of 90® - 0/2 from the applied shear direction. The 
Riedel fractures truncate and offset the earlier formed folds.
The next principal category of fracture to form, the P faults, are 
inclined approximately 0/2 clockwise to the applied shear direction and 
tend to link the Riedel shears. P faults probably have a reverse 
component of slip (Aydin and Page, 1984). Eventually, a residual 
structure forms, D faults, which are parallel to the applied shear 
couple and are able to accommodate large displacement.
In transpresslonal regions, such as regional bends in a strike-slip zone 
(Sylvester and Smith, 1976), the major faults have components of reverse 
slip and strike-slip and are upthrusts ("flower structures") in cross- 
section. These faults have been documented in the field (Sylvester and 
Smith, 1976) as well as reproduced in experimental clay models (Wilcox 
and others, 1973).
4.1.2 Stepover Model
A different model describes the structural patterns that occur in the 
stepover region, the region between two en-echelon fault segments.
Since this discussion focuses on left-lateral fault motion and 
compressional rather than extensional structures (ie. the Bearmouth 
area), only a right step between left-lateral fault segments is 
illustrated (Figure 15). The initial angle at which compressional 
structures form relative to strike-slip faults, is dependent on the 
distance between fault segments and the amount the segments overlap.
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Figure 15. Plan view of structural features that result from a righthand 
step-over between two left-lateral strike-slip faults.
In general, fold axes or thrust-fault trends are predicted to form at 
greater angles to the main strike-slip faults (the shear direction) than 
was noted In the simple shear model above. Based on the expected state 
of stress for a pair of strike-slip faults segments, having spacing 
between faults approximately one tenth of the fault lengths, folds 
should form at approximately 65° to 75° from the strike-slip fault 
(Segal and Pollard, 1980).
4.1.3 Decoupled Transoresslon Model
The simple shear and the stepover models account for obliquely oriented 
folds developed during the inception and early development of a strike- 
slip fault system. According to these models, folds and thrust faults 
are confined to a narrow zone, do not propagate far from the strike-slip 
fault zone, and are rotated toward the strike-slip shear (oblique angle 
decreases) with progressive shear. According to the decoupled 
transpression model, in a mature transpressive strike-slip fault system, 
shear stress along the principal strike-slip fault remains low, likely 
because of progressive strain softening. Because strike-slip motion 
occurs readily (fault zone does not accumulate stress), the regional 
transpressive motion decouples into a low stress strike-slip component 
and a high stress compressive component. In contrast to the simple 
shear model, the decoupled transpression model accounts for folds and 
thrust-faults oriented nearly parallel with the strike-slip fault zone 
that continue to grow after the developing stages of a strike-slip zone 
and fold and thrust belt that continues to spread outward from the 
strike-slip fault zone (Mount and Suppe, 1987). This interpretation
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explains the parallel alignment between folds and thrust faults and the 
San Andreas Fault, in the San Joaquin Valley, and the relatively wide 
fold and thrust belt (40 km) adjacent to the fault zone (Namson and 
Davis, 1988). Decoupled transpression model does not preclude 
deformation by simple shear mechanics; simple shear is likely the 
principal mechanism in the relatively narrow (1-5 km) belt of a strike- 
slip fault zone, during developmental stages of a transpressive strike- 
slip fault zone (Mount and Suppe, 1987).
4.2 ANALYSIS OF THE BEARMOUTH AREA
Applying the transcurrent tectonic models discussed above to the 
Bearmouth area requires estimating the transcurrent shear direction. If 
it is assumed that the shear direction along the NBSA is parallel to the 
direction the Sapphire Allochthon was translated, then from the average 
fold orientations (refer to Figure 4) along the eastern boundary of the 
Sapphire Allochthon (N10®E, after Gwinn, 1961; McGill, 1965) then the 
strike-slip shear component should be oriented N100®E.
Kauffman (1964) noted that the trace of the Bearmouth fault is sinuous 
and estimated a variable dip between 32° to 50° to the south. I have 
estimated that the fault has a strike which varies between approximately 
N87°E to N112°E, which suggests that the fault is a primary locus of 
strike-slip displacement. According to the simple shear model, the 
fault's sinuous trace might have resulted from linked Riedel and P 
faults. Riedel shears would be expected to form at approximately N80°E
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to N85*E and P faults at approximately N115°E to N120°E. If the 
Bearmouth fault is comprised of linked Riedels and P faults, without 
having developing the residual faults (D faults) that accommodate 
greater strike-slip displacements, then the fault zone was still in the 
early stage of development.
In lieu of offset markers, the strike-slip component of movement on the 
Bearmouth fault has been inferred by kinematic evidence, ie. slickenline 
data arranged about a nearly vertical axis and bending of folds into 
parallel alignment with the fault. The Bearmouth fault also has a 
reverse component of slip and demonstrates that the area has been 
subjected to transpressive deformation (see Sylvester and Smith, 1976, 
for discussion of transpression).
Assuming an applied shear of N100°E, the plan-view pattern of folds and 
faults in the Bearmouth area (Fig. 13) is consistent with the 
transcurrent models discussed above. The principal difference is the 
lack of an array of Riedel shears. Assuming an applied shear oriented 
N100°E, Riedel shears would be oriented approximately N80°E and may have 
been rotated counterclockwise (decreasing the angle from north) during 
progressive strain. The left-lateral tear fault at the east end of the 
Bearmouth anticline has approximately the proper orientation of a Riedel 
shear.
An en-echelon fold pattern is characteristic of major folds in the 
Bearmouth area and is diagnostic of transcurrent systems, as determined
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in physical models and geologic analogues. The relative orientation of 
folds to the N100°E shear, also suggests that the Bearmouth area is part 
of a transcurrent system. According to the simple shear model, and 
assuming that main transcurrent shear oriented N100®E, folds would trend 
approximately N145°E at inception and may be partially reoriented to 
nearly N100®E depending on the amount of subsequent shear rotation of 
folds. Fold orientations in the Bearmouth area, which range from N165°E 
to N100®E, are generally in the range of orientations which would be 
predicted by the simple shear model. Although the end values of fold 
orientations (parallel with or greater than 45® from the shear 
direction) are not predicted by the simple shear and have not been 
reproduced in physical models, Aydin and Page (1984) noted that many 
folds in the San Francisco Bay Region may be parallel or lie at greater 
than 45° from the from the principal shear direction.
The association of fold orientations and the principal shear direction 
in the Bearmouth area (Fig. 13) demonstrates that the oblique 
orientation of folds are generally consistent with the simple shear 
model. Of the main folds (5 km wavelength) the exception is The Mount 
Baldy syncline, oriented approximately N165°E, which lies at an angle of 
65° clockwise from the main shear. That is 20° greater than the maximum 
angle predicted by the simple shear model, but the large angle is 
consistent with the stepover model.
Applying the stepover model to the Little Bear Creek area would imply a 
certain fault-fold configuration between the Bearmouth fault, a
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complimentary fault from which left-lateral displacement is stepping 
over, and the intervening folds (refer to Figure 11 for appropriate 
configuration). Compressional features, produced in a left-lateral 
system, require a right stepover. Since Mount Baldy syncline is located 
north of the Bearmouth fault, the overstepping fault would be located 
north of the Bearmouth fault and the Mount Baldy syncline and its trace 
would extend westward. The stepover model also Implies that the folds 
were generated near the west end of the Bearmouth fault and the east end 
of the complimentary fault. The Blackfoot fault, located north of and 
approximately parallel to the Bearmouth fault (Figure 2) and apparently 
terminating near the Bearmouth area (Thomas, 1987) is a likely candidate 
for a complimentary fault. Although the Blackfoot fault has been 
described as a thrust-fault on the basis of fault geometry and adjacent 
fold orientation, that evidence does not preclude a component of strike- 
slip displacement.
The scope of the study area does not allow a valid comparison of the 
structures at Bearmouth to the decoupled transpression model. Decoupled 
transpression, as it occurs along the San Andreas fault, is a wide fold 
and thrust belt adjacent to the narrow strike-slip fault zone. To 
determine whether the Bearmouth area is part of a decoupled 
transpressive system would require several structural transects of the 
northern boundary of the Sapphire allochthon.
Several characteristics of the structural style of the Bearmouth area, 
which are not specifically addressed in the transcurrent models, but can
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presumably be attributed to transcurrent mechanics include: the conical 
form of some folds as determined by equal-area net analysis and the 
scatter of bedding poles about a great circle girdle when plotted on 
equal-area net. This latter can be attributed to both the curving trend 
of individual folds induced by strike-slip drag and the variation in 
fold orientations between individual folds. Conical folds should be 
expected to form in a strike-slip zone because the portion of a fold, 
which develops directly over the controlling strike-slip shear, will 
undergo greater compressional deformation and therefore be tighter than 
portions farther away form the shear. This should create folds which 
are tighter near the inducing strike-slip shear and have a more open 
geometry away from the shear. I suggest that equal-area plots 
exhibiting anomalous scatter of bedding data and structural maps and 
cross-sections revealing non-cylindrical fold geometry are 
characteristic elements of transcurrent deformational style.
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5.0 SUMMARY AND CONCLUSIONS
The en-echelon pattern of folds and thrust faults of the transverse 
structural zone, which runs nearly east-west between Missoula and 
Helena, Montana likely marks a major lateral ramp zone in the 
Cordilleran fold and thrust belt. The Bearmouth area, located along the 
transverse zone, is associated specifically with the Sapphire 
allochthon.
I interpret the eastern boundary of the Sapphire allochthon to be its 
leading edge because of parallel fold patterns and an average fold trend 
which is parallel to the allochthon boundary. The parallel alignment of 
N10°E trending folds and thrust fault traces in the northern portion of 
the eastern boundary of the allochthon, suggest the Sapphire allochthon 
travelled in approximately a N100®E direction. The nearly east-west 
orientated northern boundary, with its southeast trending en-echelon 
folds also suggest that the allochthon has travelled toward the east, 
but along a lateral boundary, by transcurrent motion.
The detailed analysis of the Bearmouth area demonstrates that the 
structural style of the area is consistent with a transcurrent 
tectonics, the fundamental analogy being the fold and thrust belts 
associated with the San Andreas fault Zone.
Analysis of the Bearmouth area reveal that the orientation of folds, 
N165°E to N118°E, relative to the strike of the Bearmouth fault,
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approximately NIOO^E, fit the structural patterns defined by the simple 
shear or the step-over models for strike-slip shear zones. Kinematic 
analysis of the Bearmouth fault zone, which has reverse fault geometry, 
indicates that the fault zone experienced a component of left-lateral 
shear.
In addition, I suggest that curved fold axes, non-cylindrical fold 
geometry and wide variability between individual fold trends are 
characteristic elements of transcurrent deformational style. These 
characteristics caution against balancing cross-sections in areas of 
lateral ramping in thrust and fold belts.
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APPENDIX A
FIELD STRATIGRAPHY
The following is a short stratigraphie discussion intended as a 
supplement for field identification of the formations which outcrop in 
the Bearmouth area. For a more complete discussion of the local 
stratigraphy refer to Kauffman (1963). Kauffman's (1963) discussion of 
local Belt stratigraphy should be augmented with the revised 
stratigrraphy and nomenclature discussed by Winston (1984, 1985) or 
Ruppel and others (1981). Bell and Moore (1965) present complete 
stratigraphie descriptions of the Pennsylvanian Quadrant and the Permian 
Phosphoria Formations from sections measured underground in the Garrison 
and Maxville mining districts. Gwinn (1961, 1965) gives an excellent 
discussion of the Cretaceous System of the Clark Forks Valley.
BELT SUPERGROUP
The Missoula Group is the upper part of the Middle Proterozoic Belt 
Supergroup. In the Bearmouth area only the four youngest formations in 
Missoula Group are exposed. These are, from oldest to youngest: the 
Bonner Formation, the McNamara Formation, the Garnet Range Formation, 
and the Pilcher Formation. The maroon or tan Bonner Formation is easily
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recognized in the field by its medium-to-coarse-grained texture, 
abundant detrital feldspar grains and crossbedded sedimentary structure. 
The feldspars commonly weather white which produces a speckled 
appearance. The stratigraphie contact between the Bonner Formation and 
the overlying McNamara Formation is not exposed in the Bearmouth area.
The McNamara Formation is composed of green and maroon laminated siltite 
and argillite beds. There are commonly pebble and mud chip lag deposits 
marking the base of some beds. Ubiquitous chert beds or laminae, 1 to 3
centimeters thick, are the most diagnostic features.
Above the McNamara Formation, the Garnet Range Formation consists of 
grey-green, argillaceous and micaceous quartzites and argillites. It 
can be recognized by the abundant detrital muscovite concentrated along 
bedding planes and conspicuous lenticular bedding.
The youngest formation in the Missoula Group, the Pilcher Formation, is 
a white to purple, medium-to-coarse-grained, crossbedded quartzite. It 
is lithologically similar to the overlying Cambrian Flathead Formation 
though they are separated by a major disconformity.
Proterozoic diabase intrusions occur at two locations in the study area:
at the mouth of Little Bear creek within the McNamara Formation and it 
was encountered in the Henderson Lorenson #2 drill hole within the 
Garnet Range Formation. Proterozoic age diabase occurs throughout the 
Belt Basin (Mudge, 1972) and I assume that the diabase in the Bearmouth
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area is also Proterozoic age. Numerous slickensides related to the 
folding at Little Bear creek suggest that the diabase at least predates 
the undeformed Eocene basalts In the area.
PALEOZOIC ERA
Approximately 1700 meters of carbonates of Cambrian, Devonian and 
Mlsslsslpplan ages make up the bulk of the Paleozoic section. The 
Ordovician and Silurian systems are not represented In the area.
Exposure of Cambrian rocks are restricted to the southeast corner of the 
study area. The Flathead Formation forms a small résistent ridge of 
white, clean, medium-grained quartzite and sandstone. The overlying 
Silver Hill Formation does not crop out In the area but forms a swale 
between the Flathead and the resistant Hasmark Formation. The Hasmark 
Formation Is a thick deposit of gray, medium-crystalline dolomite In 
beds greater than two meters thick. Locally it contains sand and 
weathers to a gritty surface. The Red Lion Formation does not crop out 
In the study area, but was Identified In a deep test well (Henderson 
Lorenson #2 borehole). It has been described by Kauffman (1963) from 
nearby surface exposures as consisting of red and yellow shale, 
calcareous sitstone and dolomite.
The Devonian section consists of the Maywood Formation, overlain by the 
Jefferson Formation. The Maywood Formation Is covered throughout the 
Bearmouth area. The Jefferson Is easily recognized as a dark brown to 
black fetid dolomite which crops out in a few scattered locations. The
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Mississippian Madison Group, approximately 500 to 650 meters of 
limestone and shaley limestone, forms much of the structural framework 
of the Bearmouth area. The Madison Group is divided into the lower,
inicritic to coarsely crystalline, Lodgepole Formation and 
the upper, massive, generally coarsely-crystalline, Mission Canyon 
Formation. Both formations commonly contain bedded or nodular chert.
The Pennsylvanian system is represented by the Amsden and the Quadrant 
Formations. The Amsden seldom crops out but may be identified by red 
soil between the cliff-forming Mission Canyon Formation and the ridge- 
forming Quadrant quartzite. One exceptional, outcrop in the vicinity of 
Little Bear gulch, is composed of calcareous red brown siltstone and 
very fine-grained sandstone. Bell and Moore (1965) have described the 
overlying Quadrant Formation from subsurface mine exposures as 
consisting of two member. The lower member is a dolomitic siltstone 
which is gradational with the Amsden Formation. It does not crop out in 
the study area. The upper member is a massive, vitreous, tan-to-gray 
quartzite that usually forms prominent hogbacks that are easily 
identified in the field.
The Phosphoria Formation is the only representative of the Permian 
period. It seldom crops out and according to Kauffman (1963), it is 
lenticular and discontinuous in the Bearmouth area. The few poorly 
exposed outcrops in the study area consist of silty dolomite with 
ribbons and lenses of black chert.
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MESOZOIC ERA
clastic sadiments and thin limestones of the Mesozoic Era were 
deposited in or on the margins of epicontinental seaways. There are no 
Triassic rocks in the area and Jurassic rocks of the Ellis Group 
unconformably overlie either the Permian Phosphoria Formation or the 
Pennsylvanian Quadrant Formation. Only the lowermost portion of the 
Cretaceous system is exposed in the Bearmouth area. The Cretaceous 
System near Drummond is the thick portion of a foredeep wedge deposit 
which has a composite thickness of approximately 6000 meters (Gwinn, 
1965) compared to 3000 meters 40 kilometers to the east.
The Jurassic period is represented by the Ellis Group and the Morrison 
Formation. The Ellis Group consists of three Formations which are from 
oldest to youngest: the Sawtooth, Rierdon and Swift Formations. The 
Phosphoria-Sawtooth contact is not exposed in the Bearmouth area. The 
lower part of the Sawtooth is a dark-gray-to-black shale which commonly 
exhibits pencil cleavage. Above this is a dark-gray, very argillaceous 
limestone, which weathers to a cream color. This unit tends to part 
along pressure-solution cleavage and bedding is relatively indistinct. 
The base of the overlying Rierdon Formation is marked by several brown, 
oolitic or sandy limestone beds, which characteristically weathers to a 
gritty surface. Above that are alternating beds of gray, very
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calcareous shale and shaly limestones. The basal sandstone of the Swift 
Formation commonly contains lenses of chert pebble conglomerate and 
fossil hash. Above the basal unit the Formation is dominated by 
calcareous, salt and pepper sandstone with interbedded siltstone and 
shale. The sandstone beds in the overlying Morrison Formation are 
lithologically similar to those in the Swift Formation. Suttner (1969) 
suggested placing the top of the Swift at the upper glauconitic 
sandstone. For simplicity, I mapped the contact at the top of the upper 
major sandstone bed, leaving approximately 20 meters of olive-green 
shales and sandy siltstones in the Morrison Formation. The Morrison is 
usually marked by a swale between the last massive sandstone of the 
Swift Formation and the prominent basal conglomerate ofthe Kootenai 
Formation.
Kauffman (1963) divided the Cretaceous Kootenai Formation into four 
mappable units informally called the lower clastic member, the lower 
calcareous member, the upper clastic member and the upper calcareous 
member. The base of the lower clastic member is typically a ridge 
forming, well indurated non-calcareous conglomeratic sandstone unit. 
Where this unit contains no cobbles it may be recognized as a hard, 
vitreous, silica cemented sandstone which may contain distinctive red 
grains. Above the basal unit are beds of maroon siltstone and claystone 
and discontinuous sandstone beds. The buff weathering limestone of the 
lower calcareous member contrast with the surrounding maroon and drab 
green sediments of the upper and lower clastic units. The limestone 
beds of this unit are unusually hard, dark-gray-to-black micrites
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separated by intervals of maroon or green silt stone and claystone. The 
upper clastic member Is predominately maroon siltstone and claystone 
with discontinuous drab-green, silty, argillaceous, locally micaceous 
sandstone beds and a few Isolated limestone beds. The upper calcareous 
member Is not as distinct as the lower calcareous member and contains 
considerably more shale, siltstone and sandstone. The top of this 
member Is easily Identified In the field as a dark-brown, 
coarsely-crystalline limestone with abundant gastropod or ostraced 
shells which have been replaced by sparry calclte. There is very little 
of the overlying Blackleaf Formation exposed In the study area though an 
anomolously thick section has been measured to the east of the study 
area by Gwlnn (1965). Only the lower "transitional beds" are exposed In 
the Bearmouth area. These beds resemble the underlying upper clastic 
and calcareous member of the Kootenai Formation except at the top wherea 
black fissile shale Is present.
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CENOZOIC ERA
The most abundant Tertiary rocks of the area are Eocene volcanics. 
According to Carter (1982), the volcanic stratigraphy includes olivine 
basalt, rhyolite porphyry, porphyritic hornblende-biotite andésites and 
related pyroclastlc flows and lahars.
In the Kulkey Gulch syncline, several terraces are capped by gravels of 
indeterminate age. I did not find any field relationships between the 
gravels and the Eocene volcanics which would suggest a relative age of 
the gravels.
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